Inflammation is central to heart failure progression. Innate immune signaling increases expression of the transmembrane proteoglycan syndecan-4 in cardiac myocytes and fibroblasts, followed by shedding of its ectodomain. Circulating shed syndecan-4 is increased in heart failure patients, however the pathophysiological and molecular consequences associated with syndecan-4 shedding remain poorly understood. Here we used lipopolysaccharide (LPS) challenge to investigate the effects of syndecan-4 shedding in the heart.
Introduction
Activation of the innate immune system is central to heart failure progression, promoting cardiac inflammation, remodeling and dysfunction [1, 2] . Clinical therapies targeting inflammation are yet to show benefits for heart failure patients, reflecting a need for an improved understanding of mechanisms underlying the immune responses of the heart [3] . Proteoglycans are proteins substituted with glycosaminoglycan chains (GAGs). The fourmembered syndecan family (syndecan-1-4) of transmembrane proteoglycans carry heparan sulfate (HS) GAGs on their ectodomains, binding numerous extracellular matrix (ECM) ligands, immune cells and inflammatory mediators. The syndecan family is implicated in key events of the inflammatory cascade in tissue injury and wound healing [4] .
Syndecans associate with various ECM proteases [5] that cleave and release the HSsubstituted ectodomain from the cell surface in a process called shedding [6] . The extracellular cleavage domain and the GAG attachment sites are highly conserved among species, indicating an important function for the shed, GAG-substituted ectodomain [7] . Shedding of syndecans from epithelial cells is accelerated during wound healing and the soluble ectodomains are believed to orchestrate aspects of the inflammatory response such as immune cell recruitment [8] [9] [10] .
In the heart, syndecan-4 mRNA and protein are upregulated during heart failure progression after pressure overload and infarction in mice and patients [11] [12] [13] [14] . Syndecan-4 is expressed in cardiac myocytes and fibroblasts, and we recently found that syndecan-4 is upregulated in both cell types by tumor necrosis factor (TNF)Į, interleukin (IL)-1ȕ and lipopolysaccharide (LPS) through a functional nuclear factor (NF)-țB site in its promoter [15] . LPS is a component of Gram-negative bacteria that through toll-like receptor 4 (TLR4) activates the innate immune system, elevating NF-țB signaling and TNFĮ and IL-1ȕ levels [16] . Importantly, we showed that subsequent to its upregulation by innate immune signaling, syndecan-4 was shed from the surface of cultured cardiac myocytes and fibroblasts [15] , suggesting syndecan-4 shedding to be an effector of the innate immune response. Thus, identification of pathophysiological and molecular consequences associated with syndecan-4 shedding could contribute to improved understanding of cardiac immune responses.
Levels of circulating syndecan-4 ectodomains are elevated in patients with acute myocardial infarction [17] and chronic heart failure [18] , and although large cohort studies are lacking, syndecan-4 has been suggested as a promising novel biomarker for risk-stratification. We recently found that along with increased mRNA expression, there are increased amounts of syndecan-4 shedding fragments in myocardial biopsies from patients with end-stage, dilated heart failure [15] . Despite these indications that syndecan-4 shedding is regulated in cardiac pathology, the function of this post-translational modification has to our knowledge not been studied in the diseased heart. Here we build on our previous observation that syndecan-4 shedding is increased by LPS in cardiac myocytes and fibroblasts in culture [15] , and explored the functional role of syndecan-4 shedding in vivo by investigating its effects on cardiac function and immune cell recruitment using LPS challenge in mice. Shedding-induced effects on immune responses and ECM remodeling was investigated in cardiac cells in vitro. Although LPS challenge simulates a bacterial infection and sepsis, its receptor TLR4 also responds to endogenous ligands released during sterile immune activation in the heart [19] , e.g. pressure overload and infarction, suggesting that aspects of innate immune mechanisms are shared between bacterial infections and the chronic inflammatory activation during heart failure. To confirm that syndecan-4 fragments detected in the circulation can originate from the heart, we investigated levels of syndecan-4 in blood samples obtained from the coronary sinus of patients undergoing open heart surgery.
Mice unable to shed syndecan-4 show exacerbated cardiac dysfunction in response to LPS
To understand whether increased syndecan-4 shedding was important for heart function after LPS, echocardiograms and electrocardiograms of syndecan-4 KO mice were analyzed 9 h after injection of LPS and compared to those of WT controls. Before injections, syndecan-4 KO and WT mice had similar echocardiographic characteristics (pre-LPS values, Table I ) and blood pressures (Supplemental Table SI) , and no mortality was observed throughout the experiment. Severe cardiovascular dysfunction was evident after 9 h of LPS (post-LPS values, Tables I and SI) , characterized by reduced blood pressure and heart rate, increased lung weight, and lower myocardial tissue velocities and reduced LV dimensions in diastole i.e. LV internal diameter in diastole (LVIDd) and end-diastolic volume (EDV; Fig. 3A ) compared with pre-LPS values or PBS controls, with no differences in these parameters between WT and syndecan-4 KO mice. Syndecan-4 KO mice exerted lower ejection fraction (EF; Fig. 3B , C) and lower diastolic tissue velocity (Fig. 3D) than WT, indicating aggravated cardiac dysfunction in syndecan-4 KO mice after LPS challenge. M-mode recordings of the LV indicated presence of less synchronous contraction in syndecan-4 KO mice compared to WT, i.e. septal-to-posterior wall motion delay (SPWMD; Table I ) and prolonged QRS duration (Fig. 3E) as indication of LPS-induced electrical dysfunction. Although it failed to reach statistical significance, there was a tendency for higher BNP expression in syndecan-4 KO hearts after LPS (8.3-vs. 5.5-fold in WT compared to respective PBS controls, p=0.12).
LPS induced kidney dysfunction and injury, evidenced by increased levels of BUN (Supplemental Fig. S5A ) and mRNA expression of markers of kidney injury [21] , i.e. kidney injury molecule (KIM)-1 and neutrophil gelatinase associated lipocalin (NGAL) (Supplemental Fig. S5B, C) . BUN was increased to the same extent in WT and syndecan-4 KO mice, indicating that exacerbated kidney dysfunction was not responsible for the aggravated cardiac response observed in mice lacking syndecan-4.
Thus, in syndecan-4 KO mice which are unable to shed syndecan-4, we observed exacerbated cardiac dysfunction associated with a pathological contractile pattern in response to LPS, indicating that syndecan-4 shedding mitigates primary cardiac dysfunction after LPS challenge.
Mice unable to shed syndecan-4 show reduced recruitment of immune cells to the myocardium in response to LPS
We hypothesized that the exacerbated cardiac dysfunction in mice unable to shed syndecan-4 (syndecan-4 KO mice) in response to LPS was associated with impaired immune cell recruitment to the heart. Nine h after LPS injection, expression of CD8, a receptor on cytotoxic T-cells, was increased 2.7-fold in WT hearts compared to PBS controls (Fig. 4A) . Interestingly, CD8 levels were significantly lower in syndecan-4 KO mice after LPS, suggesting that syndecan-4 shedding was important for recruitment of cytotoxic T-cells to the heart. Levels of the pan-T-cell receptor CD3 (Fig. 4B ) and the T-helper cell-specific CD4 (Fig. 4C ) were reduced to a similar extent in WT and syndecan-4 KO mice challenged with LPS, compared to respective PBS controls. Recruitment of other immune cells to the heart was also affected in syndecan-4 KO mice, evidenced by attenuated LV expression of a marker expressed on all leukocytes, i.e. CD11a (Fig. 4D) , and a macrophage marker, F4/80 (Fig. 4E) , in syndecan-4 KO mice.
LPS is well-known to induce IL-1ȕ and TNFĮ [16] . To exclude that the reduced recruitment of immune cells to the myocardium of syndecan-4 KO mice was secondary to an impaired cytokine response, TNFĮ and IL-1ȕ expression was compared among the two genotypes after LPS. We confirmed no difference in TNFĮ or IL-1ȕ levels (Fig. 4F, G) . Thus, syndecan-4 KO mice unable to shed syndecan-4 in response to LPS demonstrated an impaired ͺ recruitment of immune cells to the myocardium, and in particular, reduced recruitment of cytotoxic T-cells.
Shed syndecan-4 ectodomains regulate receptors for immune cell recruitment and activate innate immune signaling in cardiac myocytes and fibroblasts in vitro
Intercellular adhesion molecule (Icam)1 and vascular cell adhesion molecule (Vcam)1 are critically involved in regulating immune cell recruitment and infiltration to tissues during inflammation [22] . We hypothesized that shed syndecan-4 ectodomains regulate immune cell recruitment through induction of adhesion molecules on cardiac cells. To test our hypothesis, we capitalized on the constitutive shedding of syndecan-4 after its overexpression in cells [15] , confirmed by increased levels of the cellular syndecan-4 fragment (Fig. 5A) and detection of shed ectodomains in the medium of HEK293 cells (Fig. 5B, C) . Conditioned medium containing the shed syndecan-4 ectodomains was applied to cardiac myocytes and fibroblasts in culture, with medium from non-transfected or cells transfected with an empty vector (vehicle) serving as controls. Interestingly, and consistent with regulation of immune cell adhesion molecules by shed syndecan-4 ectodomains, cardiac myocytes and fibroblasts treated with the syndecan-4 conditioned medium responded with increased expression of Icam1 (Fig. 5D , F) and Vcam1 (Fig. 5E, G) . Of notice, Vcam1 mRNA was increased 120-fold in cardiac fibroblasts. Conditioned medium from HEK293 cells overexpressing syndecan-4 with mutated HS attachment sites (syn-4 ǻHS) failed to induce a transcriptional response in cardiac cells, indicating that the HS GAG chains were essential for this effect of shed syndecan-4. To study whether increased levels of shed syndecan-4 ectodomains also activated other central components of innate immunity signaling in cardiac cells, levels of TNFĮ, IL-1ȕ and NF-țB activation were assessed. Both cardiac myocytes and fibroblasts showed increased TNFĮ (Fig. 5H, J) and IL-1ȕ (Fig. 5I, K) mRNA. Increased levels of p65 NF-țB and reduced levels of IțBĮ in cardiac myocytes (Fig. 5L ) and fibroblasts ( Fig. 5M ) treated with syndecan-4 conditioned medium were consistent with NF-țB activation. Since a number of soluble proteoglycans have been shown to activate TLR4 [23] , we tested whether this receptor was involved in shed syndecan-4-mediated signaling. Co-treatment with the TLR4 inhibitor CLI-095 did not reduce levels of Icam1 (Supplemental Fig. S6A , E), Vcam1 (Supplemental Fig. S6B, F) , TNFĮ (Supplemental Fig. S6C , G) or IL-1ȕ (Supplemental Fig.  S6D , H) in cardiac myocytes or fibroblasts, respectively, suggesting that the shed ectodomain of syndecan-4 does not function via TLR4. Finally, expression of Icam1 (Fig. 5N) and Vcam1 ( Fig. 5O ) was attenuated in syndecan-4 KO hearts after LPS, supporting our finding of reduced recruitment of immune cells to syndecan-4 KO hearts unable to shed syndecan-4. Thus, shed syndecan-4 ectodomains elevated expression of immune cell adhesion molecules and activated the innate immunity NF-țB signaling cascade in myocytes and fibroblasts of the heart.
Shed syndecan-4 ectodomains regulate ECM remodeling in cardiac fibroblasts in vitro
We have identified that syndecan-4, when upregulated in pressure-overloaded hearts, regulates cardiac function by determining myofibroblast differentiation, collagen production, and amounts and activity of the collagen cross-linking enzyme lysyl oxidase (LOX) [14, 24] . We hypothesized that these properties of cardiac fibroblasts were affected by shedding of syndecan-4. In contrast to pressure overload, fibroblast function was suppressed by LPS treatment, shown by lower expression of the myofibroblast signature gene smooth muscle Į-actin (Į-SMA; Fig. 6A ), collagen I (Fig. 6B) and III (Fig. 6C ) and the proliferation marker proliferating cell nuclear antigen (PCNA; Fig. 6D ) in cardiac fibroblast cell cultures. Similar alterations were found after LPS challenge in vivo: reduced expression of Į-SMA (Fig. 6E ), ͻ collagen I (Fig. 6F) and III (Fig. 6G) . Although collagen expression was downregulated, we could not over this short time-span of 9 h, as expected, detect any difference in total collagen protein (Fig. 6H) . Interestingly, LPS increased expression of LOX 3.3-fold in cardiac fibroblasts in vitro (Fig. 6I ) and 4.5-fold in LVs in vivo (Fig. 6J) , suggesting that LPS induced alterations in collagen matrix quality. Furthermore, increased expression of LOX (Fig. 6K ) and reduced mRNA (Fig. 6L, M) of collagen I and III were observed in cardiac fibroblasts exposed to shed syndecan-4 ectodomains, suggesting that shed syndecan-4 fragments could mediate these effects of LPS.
Consistent with a role for shed syndecan-4 in ECM remodeling, expression of several ECM molecules in cardiac fibroblasts was altered by increased levels of syndecan-4 ectodomains, including members of the MMPs, i.e. MMP2 and 9 ( Fig. 6N-Q) , TIMPs, i.e. TIMP1, 3 and 4 ( Fig. 6R-U) , small leucine-rich proteoglycans (SLRPs), i.e. decorin, fibromodulin and lumican (Supplemental Fig. S7A -D) and hyaluronan synthases, i.e. Has1 (Supplemental Fig. S7E-F) . Importantly, increased expression of MMP2 and 9 and reduced expression TIMP3 and 4 indicated that shed syndecan-4 shifted the MMP/TIMP balance towards ECM degradation. Accordingly, the ratio of MMP2 to TIMP3 and TIMP4 was increased 16.8-(P<0.05) and 2.4-fold (P<0.001), and the ratio of MMP9 to TIMP3 and TIMP4 was increased 59.6-(P<0.05) and 8.9-fold (P<0.001), respectively, in cardiac fibroblasts exposed to shed syndecan-4 compared to controls.
To investigate whether shed syndecan-4 ectodomains could influence on cardiac cell growth, markers of hypertrophy, i.e. alpha skeletal muscle actin (Acta1), and proliferation, i.e. PCNA, were assessed in cardiac myocytes and fibroblasts, respectively, exposed to increased levels of shed syndecan-4. Interestingly, both markers were reduced (Fig. 6V , W) suggesting that shed syndecan-4 inhibited cardiac cell growth of both cardiomyocytes and cardiac fibroblasts.
Syndecan-4 is shed the from human hearts
Finally, we investigated whether syndecan-4 could be shed from human hearts. We measured syndecan-4 levels in blood samples from the coronary sinus, which collects venous blood from the myocardium, and compared them to levels in the radial artery of the same patient, in aortic stenosis patients undergoing aortic valve replacement surgery (see Table SII for patient characteristics). Consistent with syndecan-4 being shed from the human heart, circulating syndecan-4 levels were 2.8-fold higher in the coronary sinus (14.95±3.33 vs. 9.83±2.51 ng/ml in the radial artery) (Fig. 7) . 
Discussion
The present work investigates effects of ectodomain shedding of the transmembrane HS proteoglycan syndecan-4 and demonstrates for the first time consequences of this process in mediating innate immune responses and ECM remodeling in the heart. LPS challenge in mice increased cardiac syndecan-4 expression and shedding without increasing full-length protein, suggesting that the majority of LPS-induced syndecan-4 protein was shed in vivo and thus that lack of shedding was the major mechanism responsible for the altered LPS response observed in syndecan-4 KO mice. A parallel upregulation of ADAMTS1, ADAMTS4 and MMP9 suggested these sheddase enzymes to regulate LPS-mediated syndecan-4 shedding in the ECM of the heart. Syndecan-4 KO mice, unable to shed syndecan-4 in response to LPS, showed exacerbated LV dysfunction, suggesting that syndecan-4 shedding mitigates cardiac dysfunction after LPS. The impaired cardiac function of syndecan-4 KO mice in response to LPS was paralleled by attenuated immune cell recruitment, in particular of cytotoxic T-cells. In cultured cardiac myocytes and fibroblasts, shed syndecan-4 ectodomains upregulated receptors for immune cell adhesion and activated innate immunity signaling. Shed syndecan-4 regulated expression of ECM molecules associated with collagen synthesis, cross-linking and turnover in cardiac fibroblasts, indicating that syndecan-4 shedding affected ECM remodeling. Finally, syndecan-4 was shed from human hearts, evidenced by higher levels of syndecan-4 ectodomains in serum from the coronary sinus obtained during open heart surgery, compared to levels in the radial artery.
At present, effects of syndecan-4 shedding and in what etiologies and stages of cardiac dysfunction it occurs, remain unknown. We investigated syndecan-4 shedding in an experimental model where the majority of upregulated syndecan-4 was shed in order to isolate the shedding process and its effects from those of increased syndecan-4 full-length levels. In cultured cardiomyocytes and fibroblasts in vitro as well as in WT mice in vivo, LPS increased cardiac syndecan-4 expression and shedding without altering full-length levels. Importantly, we showed that in syndecan-4 KO mice after LPS, left ventricular dysfunction was exacerbated, indicating that syndecan-4 shedding mitigated cardiac dysfunction after LPS. Although it is likely that the inability to shed syndecan-4 represents the major mechanism responsible for the different LPS response in syndecan-4 KO mice, we cannot exclude an effect of lack of the full-length molecule. We did not observe higher mortality in syndecan-4 KO mice after LPS, as previously reported [25] , however the reduced ventricular function was in line with an aggravated response. Similarly, in a model of acute pneumonia, syndecan-4 shedding was elevated in WT mice and syndecan-4 KO mice had increased mortality, suggesting a protective role for syndecan-4 shedding in acute bacterial pneumonia [26] .
A role for syndecan-4 in cardiac pathology of various etiologies has been reported by us and others. In infarcted and pressure-overloaded hearts, syndecan-4 mRNA and full-length protein is upregulated and believed to regulate hypertrophic [12, 27] and fibrotic [14, 24] remodeling via regulation of calcineurin-NFAT signaling through its cytoplasmic domain. Syndecan-4 KO mice show more cardiac ruptures, reduced inflammation and granulation tissue formation after myocardial infarction [13] . In line with this, intramyocardial administration of a virus carrying full-length syndecan-4 results in reduced mortality and improved cardiac function in infarcted rat hearts [28] . Overexpression of syndecan-4 triggers constitutive shedding [15] , also confirmed here in HEK293 cells. Thus, it is possible that altered shedding together with altered full-length levels contribute to the syndecan-4-dependent responses to infarction and pressure overload. After infarction, adenoviral administration of the syndecan-4 ectodomain into the circulation of mice resulted in increased mortality due to cardiac rupture, similar to what was observed in syndecan-4 KO mice [13] . Thus, effects of syndecan-4 shedding in the heart are likely etiology-specific and dependent ͳͳ on whether the immune activation is chronic, as in heart failure models, or acute and responding to a bacterial infection, as in the LPS model.
In this study we build on our previous in vitro findings to show that induction of syndecan-4 expression and subsequent shedding in the heart is a response to LPS, substantiating that syndecan-4 shedding is an effector of the innate immune system in vivo. The innate immune response limits the extent of injury and facilitates tissue repair after insults, and its sustained activation is deleterious in chronic etiologies, including heart failure [2, 19] . It is activated by pattern recognition receptors (PRRs) responding to pathogen-or damage-associated molecular patterns (PAMPs or DAMPs). LPS is a well-known PAMP activating innate immune signaling through TLR4. A role for proteoglycans as endogenous DAMPs during sterile inflammation is emerging, suggesting they activate PRRs during tissue stress and injury [23] . To date, ECM-localized proteoglycans such as biglycan, decorin and versican [29] [30] [31] and GAG fragments [32, 33] have been implicated in this process. Here we show for the first time that shed syndecan-4 can act as a DAMP, activating innate immunity pathways, e.g. NF-țB signaling and enhanced TNFĮ and IL-1ȕ expression. Thus, the shed ectodomains of syndecan-4 may contribute to elevated levels of TNFĮ and IL-1ȕ in the heart. Since LPS is a potent inducer of these cytokines from numerous sources in vivo, it is likely that the contribution from shed syndecan-4 was too minor to be detected in vivo. We found that the HS chains of shed syndecan-4 were essential for inducing signaling in cardiac cells. However, although TLR4 has been shown to respond to HS fragments [33] , our observations did not support a role for TLR4 in shed syndecan-4-mediated signaling, suggesting other PRRs or mechanisms are involved.
We show here that increased syndecan-4 expression and shedding after LPS affects expression of crucial immune cell adhesion receptors, i.e. Icam1 and Vcam1, in cardiac fibroblasts and myocytes. The central role of these molecules is well established, e.g. Icam1 KO mice display impaired immune cell migration to inflammatory sites [34, 35] . Thus, our findings offer a novel mechanism whereby syndecan-4 shedding regulates recruitment of immune cells to the heart. We observed reduced expression of the pan-immune cell marker CD11a, which is known to interact with Icam1 [36] , in addition to markers consistent with cytotoxic T-cells and macrophages, in syndecan-4 KO hearts after LPS. These results suggested that syndecan-4 shedding regulated cardiac immune cell recruitment, and could explain the observed reduction in T-cell and macrophage recruitment to syndecan-4 KO hearts after pressure overload [15] and infarction [13] . There is strong evidence suggesting that immune cells, and in particular T-cells, are central in cardiac pathogenesis. T-cells impact on cardiomyocyte function and remodeling [37] and fibroblast-mediated changes in ECM structure and composition [38, 39] . Thus, the reduced T-cell recruitment observed in syndecan-4 KO hearts likely contributed to the observed dysfunction after LPS. Our finding of reduced cardiac macrophage recruitment after LPS is of unknown importance to the observed dysfunction, as the opposite, i.e. increased numbers of cardiac macrophages have been associated with dysfunction after LPS [40] . However, our results are consisted with a previous report showing LPS-induced macrophage apoptosis [41] .
During infection and inflammation, recruitment of immune cells goes hand in hand with ECM remodeling. Degradation of collagens has been observed in several cells and tissues after LPS challenge [42, 43] , and our findings of reduced cardiac fibroblast activation and collagen production after LPS are in line with these observations. Interestingly, these effects could be mediated by shed syndecan-4 ectodomains. Our results indicate that inflammation-induced syndecan-4 shedding attenuates, and opposes, the effects of full-length syndecan-4, which we have previously shown to upregulate pro-fibrotic signaling and collagen production in the pressure-overloaded heart [14] . We found that expression of LOX was increased by LPS and shed syndecan-4. LOX is crucial in maintaining collagen matrix stability and is believed to be a key determinant of myocardial stiffness. Whether this LPSinduced LOX upregulation increases stiffness of the heart needs further investigation, however a similar response has been noted in mouse lungs in vivo [44] and in endothelial cells in vitro [45] , where LPS upregulated LOX expression. This was associated with increased lung stiffness, reduced compliance and increased vascular permeability. LOX has also been found to be a chemotactic for monocytes [46] , and thus we speculate that it could contribute to the immune cell recruitment mediated by shed syndecan-4. In addition to modulating collagen production and cross-linking, we showed that shed syndecan-4 fragments regulated expression of several important ECM molecules, e.g. MMPs, TIMPs and SLRPs in cardiac fibroblasts. Importantly, shed syndecan-4 shifted the MMP/TIMP balance towards ECM degradation, suggesting that inflammation-induced syndecan-4 shedding may have profound effects on ECM remodeling, and thus, cardiac function.
Studies in relatively small patient cohorts have shown that circulating levels of syndecan-4 are elevated in patients with acute myocardial infarction [17] and chronic heart failure [18] . In heart failure patients, serum syndecan-4 correlates positively with LV geometrical parameters and negatively with EF, suggesting syndecan-4 as a biomarker of remodeling with potential for risk-stratification [18, 47] . Since heart failure is a multi-organ syndrome, the source of the soluble syndecan-4 ectodomains detected in the circulation of heart failure patients could be a number of cell types and tissues. In the present work, we determined that syndecan-4 can indeed be shed from the heart into the circulation by comparing syndecan-4 levels in blood from the coronary sinus to that of the radial artery in aortic stenosis patients. This is interesting in view of our previous report on increased syndecan-4 mRNA and full-length protein in myocardial biopsies from aortic stenosis patients taken per-operatively [12] . Thus, the increased circulating syndecan-4 measured in patients with cardiac pathology could at least in part, originate from the heart, consistent with our previous observation of more syndecan-4 shedding fragments in myocardial biopsies from explanted hearts of patients with end-stage, dilated heart failure [15] . Moreover, based on our LPS mouse model with increased syndecan-4 shedding that can be detected in blood, we speculate that circulating syndecan-4 might be explored as a biomarker in patients with sepsis. At present, many functional aspects of increased circulating syndecan-4 remains unresolved. However, since syndecans bind a multitude of growth factors and cytokines via their HS chains, it is plausible that shed syndecan-4 acts as a circulating reservoir of signaling molecules, capable of inducing responses distant from where they originated.
In conclusion, shedding of syndecan-4 ectodomains is part of the innate immune response of the heart. Shed syndecan-4 ectodomains act on cardiac myocytes and fibroblasts, inducing innate immunity signaling, promoting immune cell recruitment and collagen matrix remodeling. Syndecan-4 shedding likely represents a mechanism in which cells tune tissue inflammation to bacterial infections, however when chronically activated, contributes to cardiac remodeling and dysfunction. Increased levels of shed syndecan-4 in the circulation of heart failure patients likely reflects increased inflammation and could originate from the heart.
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ͳ Tables   Table I Characteristics of 
syndecan-4 KO and WT mice after LPS challenge
Post-mortem biometric and mRNA data of wild-type (WT) and syndecan-4 knock-out (syn-4KO) mice 9 h after (post-) lipopolysaccharide (LPS)(10 mg/kg) injection and respective phosphate-buffered saline (PBS)-treated controls, n=12-13. Serial electrocardiographic and echocardiographic measurements of anesthetized WT and syn-4KO mice before (pre-) and 9 h after LPS (10 mg/kg) injection, n=8. BW, body weight; LVW, left ventricular weight; LW, lung weight; BNP, brain natriuretic peptide; Rpl4, ribosomal protein L4; AU, arbitrary units; QTc, QT corrected; LAD, left atrial diameter; LVPWd, left ventricular posterior wall thickness in diastole; IVSd, interventricular septum thickness in diastole; LVIDd, left ventricular internal diameter in diastole; LVIDs, left ventricular internal diameter in systole; FS, fractional shortening; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; SPWMD, septal-to-posterior wall motion delay. Data are presented as mean ± S.E.M. Statistical differences were tested using Student's paired t-test (post-LPS vs. pre-LPS) or unpaired t-test (post-LPS vs. post-PBS); *P<0.05; **P<0.01; ** 
Fig.2 Expression of shedding enzymes is increased after LPS challenge
Relative mRNA levels of shedding enzymes a disintegrin and metalloproteinase (ADAM) with thrombospondin motifs (ADAMTS)1 (A) and 4 (B), matrix metalloproteinase (MMP)9 (C) and 2 (D) and ADAM17 (E) in the left ventricles (LVs) of wild-type (WT) mice 9 h after lipopolysaccharide (LPS)(10 mg/kg) injection, compared to phosphate-buffered saline (PBS) controls, n=7-8. mRNA data were normalized to ribosomal protein L4 (Rpl4) and presented as mean ± S.E.M. Statistical differences were tested using Student's unpaired t-test. *P<0.05; ***P<0.001, significantly different from PBS control. 
Fig.4 Reduced recruitment of immune cells to syndecan-4 KO hearts after LPS challenge in vivo
Relative mRNA levels of the T-cell marker genes CD8 (A), CD3 (B) and CD4 (C), the pan leukocyte marker CD11a (D), the macrophage marker F4/80 (E), tumor necrosis factor (TNF)Į (F) and interleukin (IL)-1ȕ (G) in left ventricles (LVs) of wild-type (WT) and syndecan-4 knock-out (syn-4KO) mice 9 h after lipopolysaccharide (LPS)(10 mg/kg) injection, relative to respective phosphate-buffered saline (PBS) controls, n=7-8. Data were normalized to ribosomal protein L4 (Rpl4) and presented as mean ± S.E.M. Statistical differences were tested using Student's unpaired t-test. *P<0.05; ***P<0.001, syn-4KO significant different from WT. Relative mRNA levels of Į-SMA (E), collagen I (F) and III (G) and total collagen (H) in left ventricles (LVs) of wild-type (WT) mice 9 h after LPS (10 mg/kg) injection, compared to phosphate-buffered saline (PBS)-injected controls, n=7-8. Relative mRNA of lysyl oxidase (LOX) in cardiac fibroblasts following 24 h treatment with LPS (I) and LVs of WT mice 9 h after LPS injection, compared to PBS controls (J). Relative mRNA of LOX (K) and collagen I (L) and III (M), matrix metalloproteinase (MMP)2 (N), 7 (O) and 9 (P), membrane type 1-MMP (Q), tissue inhibitor of metalloproteinase (TIMP) 1 (R), 2 (S), 3 (T) and 4 (U), in cardiac fibroblasts after 24 h incubation with conditioned medium from HEK293 cells overexpressing syndecan-4 or ͳͻ syndecan-4 without heparan sulfate chains (syn-4 ǻHS), n=8-9. Relative mRNA levels of alpha skeletal muscle actin (Acta1; V) and PCNA (W) after 24 h incubation with conditioned medium in cardiomyocytes and cardiac fibroblasts, respectively, n=8-9. Controls consisted of non-treated cells and cells incubated with conditioned medium from HEK293 cells transfected with an empty vector (vehicle). Data were normalized to ribosomal protein L4 (Rpl4) and presented as mean ± S.E.M. Statistical differences were tested using Student's unpaired t-test (A-I) or one-way ANOVA with Bonferroni post-hoc test (J). *P<0.05; **P<0.01; ***P<0.001, significantly different from non-treated or PBS control; # P<0.5; ## P<0.01; ### P<0.001, significantly different from vehicle or syn-4 ǻHS.
Fig.7 Syndecan-4 is shed from the human heart
Relative syndecan-4 levels (ng/ml) in venous (V) blood from the coronary sinus of aortic stenosis patients obtained during open heart surgery, compared to arterial (A) blood from the radial artery of the same patient (n=30). Statistical differences were tested using Student's paired t-test. **P<0.01.
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Supplemental Material
Detailed Methods
Human blood samples
Thirty consecutive patients operated for severe, symptomatic aortic stenosis (AS) with aortic valve replacement (AVR) at Oslo University Hospital Ullevål, Oslo, Norway, were included in this study and were part of a previously published cohort [1] . Blood samples (10 ml each) were drawn during open heart surgery from a coronary sinus catheter and from the cannulated radial artery immediately after onset of cardiopulmonary bypass. Chilled EDTA tubes (1mg/ml blood) were used and kept on ice before centrifugation within 30 min. Serum and plasma fractions were separated and stored at -70°C until analyzed. Serum syndecan-4 levels were analyzed using a human syndecan-4 ELISA kit (27188, IBL, Gunma, Japan) according to protocol. This assay has a detection limit of 20 pg/ml.
Mouse model of LPS challenge
Eight-ten week old male wild-type (WT) C57BL/6JBomTac (Taconic, Skensved, Denmark) and syndecan-4 knock-out (KO) mice [2] were randomized to intraperitoneal injection with a single dose of were calculated by the Vevo 2100 software by tracing the left ventricular border in end systole and diastole. Three representative cycles were analyzed and averaged. ECG analyses were performed by first defining the isoelectric line as the signal from the end of the T-wave to the P-wave of the subsequent heartbeat. The QRS-complex was defined as the first deviation from the isoelectric line after the P-wave to the last intersection of the isoelectric line before the T-wave. The QT time was defined as the start of the QRS complex to the T-wave returning to the isoelectric line. Five consecutive ECG signals were averaged.
QTc time was calculated by the formula QTc=QT/¥RR-interval [3] . Mice were sacrificed by cervical dislocation 9 h after injections. Hearts, lungs and kidneys were rapidly excised, LVs dissected, snap- construct with S44/S62/S64 mutated to A44/A62/A64, essentially as described [4] . Non-transfection or transfection with an empty pcDNA3.1 vector (vehicle) served as controls. Protein lysate and conditioned medium were harvested after 24 h. The total volume medium (2 ml) was collected and cleared by centrifugation at 5000 g (conditioned medium). For immunoblot analyses, conditioned medium was concentrated using Amicon Ultra-4 centrifugal filters (3 kDa cut-off, Merck Millipore, Darmstadt, Germany). Conditioned medium syndecan-4 levels were analyzed using a syndecan-4 ELISA kit (27188, IBL).
Primary cultures of neonatal cardiac myocytes and fibroblasts
Primary rat cardiomyocyte and fibroblast cultures were prepared from 1-3 day old Wistar rats (Taconic) as described [5] . Briefly, LVs were dissected, digested mechanically and with collagenase, and transferred to uncoated culture flasks, allowing fibroblasts to attach. Unattached cells, i.e. cardiomyocytes, were transferred to gelatin and fibronectin-coated 6-well culture plates at a density of 3.75 × 10 5 /ml medium.
Fibroblasts were maintained in culture for up to one week, passaged and seeded onto 6-well culture plates at a density of 1.8 × 10 5 /ml. Cells were kept in a 37°C, 5% CO 2 humidified incubator. 
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Supplemental Tables   Supplemental Table SI Thirty patients with severe aortic stenosis (AS) undergoing aortic valve replacement were prospectively included in this study. Patient characteristics and preoperative data are presented as mean ± S.E.M. CPB, cardiopulmonary bypass; IVSd, interventricular septal thickness at diastole; ACE, angiotensin-converting enzyme.
